Introduction
============

Breast tumours are highly complex and are composed of neoplastic epithelial cells within a tumour-associated microenvironment. The peritumoral environment consists of an extracellular matrix and numerous stromal components, including cancer-associated fibroblasts (CAFs), inflammatory immune cells, mesenchymal stem cells and endothelial cells of the blood and lymphatic systems.^[@bib1],\ [@bib2]^ Stromal--epithelial interactions have a critical role in tumourigenesis by regulating cell proliferation, survival, polarity, differentiation and angiogenesis as well as by modifying cellular compartments, which results in the coevolution of tumour cells and their microenvironment.^[@bib3],\ [@bib4]^ Fibroblasts are the major cell type found in the stromal compartment, and these cells tightly maintain homeostasis by preventing neoplastic transformation of epithelial cells in normal tissues through networks of cytokines and growth factors.^[@bib4]^ CAFs promote tumour progression, but the emergence of this cellular feature and the regulation of stromal--epithelial interactions are poorly understood.

Although overwhelming evidence indicates that the behaviour of tumourigenic cells is highly regulated by the complex tumour microenvironment,^[@bib1]^ genome instability has classically been considered the underlying mechanism behind tumour initiation and progression. Chromosomal instability can account for the generation of a variety of genetically transformed cancer cells. Breast cancer is a heterogeneous disease with abnormalities in the function and expression of a variety of proteins that contribute to progression, including BRCA1, RB1, TP53, PTEN, AKT1, PIK3CA, KRAS and GATA3.^[@bib5],\ [@bib6]^ Most of these genes are involved in cell cycle regulation, apoptosis, gene transcription and other cell signalling cascades.^[@bib7]^ Hence, most research has focused on mutations in the tumour epithelial cells themselves and the subsequent neoplastic progression and diversity of histological subtypes. However, actually, the tumour stroma can also be inappropriately activated in cancer progression. Some reports have revealed that specific signalling pathways in CAFs are involved in suppressing tumour formation. Loss or downregulation of the Notch effector CSL in fibroblasts is sufficient for CAF activation and promotes tumourigenesis.^[@bib8]^ Loss of tumour growth factor-β (TGF-β) type II receptor in fibroblasts can promote mammary carcinoma growth and invasion in mouse model.^[@bib9]^ Timp-deficient fibroblasts can augment human tumour xenografts and spontaneous metastasis.^[@bib10]^ Loss of Pten in stromal fibroblasts can accelerate the initiation, progression and malignance of breast cancer.^[@bib11]^ In general, it remains unclear whether stromal cells harbouring mutations or alterations in the expression of these genes can orchestrate the progression of mammary malignancies by crucially modifying stromal--epithelial crosstalk and remodelling the tumour microenvironment. Additionally, the molecular mechanisms underlying the potential role of the abnormally expressed stromal genes in cancer signal transduction require further elucidation.

Members of the phosphoinositide 3-kinase (PI3K) family of proteins, consisting of three classes of PI3K isoforms, are critical intracellular signal nodules. PI3K isoforms regulate tumourigenesis and malignant progression by activating multiple downstream effector proteins that control various cellular processes, such as growth, survival and motility.^[@bib12],\ [@bib13],\ [@bib14]^ Thus far, only the class IA PI3Ks, which are heterodimers composed of a regulatory subunit (p85α, p55α, p50α, p85β or p55γ) in complex with a catalytic subunit (p110α, p110β or p110δ), have been implicated in human cancer.^[@bib15],\ [@bib16]^ Oncogenic mutations of PI3K subunits are frequent in various human cancers, including breast cancer;^[@bib16]^ PIK3CA is mutated in \~25--40% of breast cancers, especially in ER-positive breast cancer.^[@bib14],\ [@bib17]^ Although the role of PI3K pathway in cancer cells had been elucidated, the potential mechanism of PI3K pathway in tumour stroma needs to be explored. Actually, alterations in the PI3K pathway are involved in the activation of tumour stroma.^[@bib18],\ [@bib19]^ Recently Pten, a key regulator of PI3K signalling, have proved to be a suppressor in tumour stroma. Deletion of Pten in stromal fibroblasts can accelerate the initiation, progression and malignant transformation of breast tumours.^[@bib11]^ P85α is also a crucial regulatory subunit that mediates the activation of class IA PI3Ks through receptor tyrosine kinases. Somatic mutations in p85α can promote cancer cell survival, anchorage-independent cell growth and oncogenesis through class IA PI3Ks activation.^[@bib20]^ However, the effects and functional role of p85α in peritumoral stromal fibroblasts in breast carcinoma initiation and progression remain to be studied.

In this study, we demonstrate that aberrantly low expression of p85α in the stroma is associated with breast tumourigenesis. Specifically, loss of p85α expression stimulates the conversion of fibroblasts into activated myofibroblasts and results in the acquisition of characteristic CAF functions that promote breast cancer epithelial cell proliferation and metastasis through exosome-mediated paracrine Wnt10b signalling. Our results reveal that p85α expression in fibroblasts have a crucial role in modifying stromal--epithelial crosstalk and disrupting homeostasis in the tumour microenvironment, which subsequently regulates breast cancer initiation and malignant progression.

Results
=======

Aberrant low expression of p85α in the stroma is associated with breast tumourigenesis
--------------------------------------------------------------------------------------

To investigate the role of stromal expression of p85α in breast cancer, we analysed the expression levels of p85α in human breast carcinoma stroma microarrays based on GEO databases. Interestingly, breast cancer stroma samples exhibited lower expression compared with normal breast stroma, which indicates that the p85α expression was significantly decreased in the breast cancer stromal compartment ([Figure 1a](#fig1){ref-type="fig"}).^[@bib21]^ Moreover, we found that the p85α expression in human breast carcinoma stroma is lower in patients of recurrence within 3 years than that in no-recurrence group and the patients with relatively low level of p85α expression showed a significant increase in recurrence rate compared with the relatively high level of p85α expression group ([Supplementary Figure S1A](#sup1){ref-type="supplementary-material"}). To further assess the relationship between p85α expression in breast cancer stroma and cancer progression, we collected hundreds of primary breast cancer tumours, including multiple tumour node metastasis (TNM) stages, which were examined by immunohistochemical analysis of p85α expression in a tissue microarray using a digital image analysis algorithm. The results indicated that the protein level of p85α in breast cancer stroma is inversely correlated with breast carcinoma TNM stage, where reduced expression of p85α was found in late TNM stage breast cancer stroma compared with its expression in early TNM stage tissues ([Figure 1b](#fig1){ref-type="fig"}). However, the expression of p85α was seemingly unrelated to patient age or grade of cellular differentiation ([Supplementary Table S1](#sup1){ref-type="supplementary-material"}). Immunohistochemical staining of p85α in representative samples of TNM stage II and III tumours is shown in [Figure 1c](#fig1){ref-type="fig"}.

Fibroblasts are the major component of breast cancer stroma.^[@bib22]^ Hence, to confirm these clinical observations, we establish breast tumours implantation model by subcutaneous injection of 4T1 or MDA-MB-231 cells mixed with Wild-type (WT) or p85α^−/−^ fibroblasts. At 16 or 23 days after implantation, 4T1 and MDA-MB-231 cells mixed with p85α^−/−^ fibroblasts both generated tumours of greater volume and weight than 4T1 and MDA-MB-231 cells mixed with WT fibroblasts or alone, respectively ([Figures 1d and e](#fig1){ref-type="fig"}). WT or p85α^−/−^ fibroblasts alone failed to form tumours in mice (data not shown). Moreover, evaluation of organs collected from mice that were killed revealed notable liver metastases present in the mice injected with 4T1 or MDA-MB-231 cells mixed with p85α^−/−^ fibroblasts as measured by quantifying the number of metastases in the liver ([Figure 1f](#fig1){ref-type="fig"}). These data revealed that p85α^−/−^ fibroblasts can promote breast cancer metastasis compared with effects of WT fibroblasts. Consistent with the anatomical results, haematoxylin and eosin staining of liver tissue also confirmed these results ([Supplementary Figure S1B](#sup1){ref-type="supplementary-material"}).

Notably, some reports have demonstrated that cancer epithelial cells can also regulate tumour stroma.^[@bib23],\ [@bib24]^ Interestingly, when various human fibroblast cell lines were cocultured with MDA-MB-231 breast cancer cells, they all exhibited downregulation of p85α expression ([Figure 1g](#fig1){ref-type="fig"}).^[@bib25]^ We also verified these data from public database by western blot ([Supplementary Figure S1C](#sup1){ref-type="supplementary-material"}). Therefore, according to a theory of stromal coevolution,^[@bib26]^ we propose that the origin of abnormal p85α expression in CAFs not only differentiates themselves but also leads to coevolution of stromal--epithelial interactions.

Therefore, these data suggest that aberrantly low or loss of p85α expression in tumour stroma could be correlated with breast carcinoma initiation and progression.

P85α deletion converts fibroblasts into activated myofibroblasts exhibiting features of CAFs
--------------------------------------------------------------------------------------------

CAFs include a large number of myofibroblasts, which are activated fibroblasts that have an ability to substantially promote tumourigenesis.^[@bib27],\ [@bib28]^ Immunoblot and immunofluorescence data indicated that p85α deletion in fibroblasts significantly promoted the expression of α-smooth muscle actin, which is a marker of myofibroblasts ([Figures 2a and b](#fig2){ref-type="fig"}). Furthermore, we found that the loss of p85α expression markedly activated Akt, a critical kinase downstream of PI3K, which is consistent with previous reports regarding the function of p85α as a key regulatory subunit of PI3K ([Figure 2a](#fig2){ref-type="fig"}).^[@bib29]^ Other characteristics of myofibroblasts include actomyosin fibre formation and stronger contractility. Collagen gel contraction assays indicated that p85α^−/−^ fibroblasts exhibited an increased ability to induce gel contraction compared with WT fibroblasts ([Figure 2c](#fig2){ref-type="fig"}). Moreover, p85α^−/−^ fibroblasts exhibited a stretched morphology in dish (two-dimensional culture) and collagen gels (three-dimensional culture; [Figure 2d](#fig2){ref-type="fig"}). Recently others have reported that CD44 expression contributes to the acquisition of an activated fibroblast phenotype in the tumour microenvironment.^[@bib30],\ [@bib31]^ Consistently, we found enhanced CD44 expression and accumulation on the surface of p85α^−/−^ fibroblasts compared with that of WT fibroblasts ([Figure 2e](#fig2){ref-type="fig"}).

Additionally, CAFs have the potential to produce high levels of secreted factors.^[@bib32],\ [@bib33]^ We found that p85α^−/−^ fibroblasts can express and secrete increased levels of TGF-β, stromal cell-derived factor 1 (SDF-1), matrix metalloproteinase-2 (MMP2) and MMP9 compared with that of WT fibroblasts ([Figures 2f--h](#fig2){ref-type="fig"}). However, LY294002, an inhibitor of the PI3K/Akt signalling pathway, markedly decreased the ability of p85α^−/−^ fibroblasts to express and secrete cytokines ([Figure 2i](#fig2){ref-type="fig"} and [Supplementary Figure S2](#sup1){ref-type="supplementary-material"}).

These results indicate that p85α crucially dominates stromal fibroblast activation and promotes the expression and secretion of high levels of cytokines in an Akt activity-dependent manner.

Fibroblast p85α deficiency promotes the proliferation and metastasis of cancerous mammary epithelial cells
----------------------------------------------------------------------------------------------------------

The elevated expression of soluble factors in p85α^−/−^ fibroblasts has been suggested to act as a possible regulator of adjacent cancer cell proliferation and migration.^[@bib32]^ To test this hypothesis, we treated MDA-MB-231, MCF-7 and 4T1 cells with prepared conditioned medium ([Figure 3a](#fig3){ref-type="fig"}) from WT and p85α^−/−^ fibroblasts, respectively, or cocultured them with WT or p85α^−/−^ fibroblasts, respectively, and then examined cell proliferation. As shown in [Figures 3b--d](#fig3){ref-type="fig"}, p85α^−/−^ fibroblasts promoted proliferation and plate colony formation of these cancer cells compared with WT fibroblasts.

Interestingly, we found that MDA-MB-231 and 4T1 cells treated with conditioned medium from p85α^−/−^ fibroblasts present an elongated spindle-like morphology and lose their intercellular tight junctions ([Figure 3e](#fig3){ref-type="fig"}). Moreover, the cells treated with p85α^−/−^ fibroblast-conditioned medium exhibited distinct stretching features and enhanced motility in three-dimensional cultures in Matrigel ([Figure 3f](#fig3){ref-type="fig"}). These observations suggested that loss of p85α expression in fibroblasts can render cancer cells capable of enhanced motility and invasive properties.^[@bib34]^ Further investigation using scratch assay and transwell migration/invasion assays confirmed that conditioned medium from p85α^−/−^ fibroblasts potently stimulated breast cancer epithelial cell migration and invasion ([Figures 3g and h](#fig3){ref-type="fig"}).

P85α-deficient fibroblasts promote the induction of EMT in breast cancer epithelial cells via a paracrine Wnt/β-catenin pathway
-------------------------------------------------------------------------------------------------------------------------------

Cancer epithelial cells lose cell--cell junctions and apical--basal polarity leading to a change in cell shape and induction of EMT, which enables stationary epithelial cells to acquire traits consistent with enhanced motility, invasiveness and self-renewal.^[@bib35],\ [@bib36]^ As shown in [Figure 3e](#fig3){ref-type="fig"}, MDA-MB-231 and 4T1 cells seemingly underwent an EMT-like phenotypic change when treated with p85α^−/−^ fibroblast-conditioned medium. Therefore, we measured the expression of EMT markers and found that the mesenchymal markers vimentin and Snail were upregulated, and the epithelial markers E-cadherin and occludin were downregulated when MDA-MB-231 and 4T1 cells were treated with p85α^−/−^ fibroblast-conditioned medium compared with those treated with WT fibroblast-conditioned medium, respectively ([Figures 4a and b](#fig4){ref-type="fig"}). These findings indicated that the p85α^−/−^ fibroblasts could promote the induction of an EMT event in breast cancer cells.

Reports indicate that Wnt signalling can regulate gene expression during EMT in breast cancer.^[@bib37]^ Therefore, we analysed Wnt/β-catenin signalling pathway activity in our research model. Compared with conditioned medium from WT fibroblasts, p85α^−/−^ fibroblast-conditioned medium markedly decreased the levels of phosphorylated β-catenin at Ser33/37/Thr41 and promoted β-catenin translocation into the nucleus ([Figures 4c and d](#fig4){ref-type="fig"}), indicating that the Wnt/β-catenin signalling pathway was activated. Consistent with the *in vitro* results, p85α^−/−^ fibroblasts also activated tumour Wnt signalling *in vivo* ([Figure 4e](#fig4){ref-type="fig"}).

Here, we speculated that the probable source of secreted Wnt ligands acting on epithelial cells was either fibroblasts (as a paracrine factor) or breast cancer cells (as an autocrine factor). To explore this issue, we knocked down Porcupine (Porcn), which encodes for an acyltransferase essential for Wnt lipidation and secretion,^[@bib38]^ in 4T1 cells or p85α^−/−^ fibroblastst to block Wnt autocrine or paracrine signalling, respectively. Interestingly, as shown in [Figure 4f](#fig4){ref-type="fig"}, knockdown of Porcn in 4T1 cells did not change the activation of the Wnt pathway or the levels of EMT markers. In contrast, knockdown of Porcn in p85α^−/−^ fibroblasts inhibited the activation of Wnt and EMT of 4T1 cells. Further analysis of cell migration and invasion also suggested that paracrine Wnt was related to metastasis of MDA-MB-231 and 4T1 cells ([Figure 4g](#fig4){ref-type="fig"}). Therefore, we concluded that Wnt ligands that induced epithelial cell EMT represented a paracrine factor originating from p85α^−/−^ fibroblasts.

Wnt10b acts as a paracrine factor and has a crucial role in inducing breast cancer epithelial cell EMT and facilitating metastasis
----------------------------------------------------------------------------------------------------------------------------------

Next, we measured the expression of Wnt family proteins involved in canonical pathways in p85α^−/−^ fibroblasts and found that the expression of Wnt10b were significantly increased in p85α^−/−^ fibroblasts compared with WT fibroblasts ([Figures 5a and b](#fig5){ref-type="fig"}). Furthermore, western blot analyses indicated that p85α^−/−^ fibroblasts expressed distinctly high levels of Wnt10b both in supernatants and cell lysates. In addition, Wntless and Vps35, which are specifically required for Wnt secretion,^[@bib39],\ [@bib40]^ were also upregulated in p85α^−/−^ fibroblasts ([Figures 5c and d](#fig5){ref-type="fig"}). To examine the role of Wnt10b in breast cancer cell EMT and metastasis, 4T1 cells were treated with conditioned medium from p85α^−/−^ fibroblasts in which Wnt10b was knocked down. As shown in [Figures 5e and f](#fig5){ref-type="fig"}, Wnt10b knockdown significantly reduced the ability of p85α^−/−^ fibroblasts to promote activation of the Wnt pathway, EMT of the cancer cells and cell motility. In addition, Wnt10b knockdown markedly impaired the ability of p85α^−/−^ fibroblasts to promote tumour growth, metastasis and activation of the Wnt pathway *in vivo* ([Figures 5g and i](#fig5){ref-type="fig"}). Moreover, in stroma associated with human breast cancer, Wnt10b expression was significantly upregulated ([Figure 5j](#fig5){ref-type="fig"}).^[@bib21]^ Correlation analysis also demonstrated the inverse relationship between p85α and Wnt10b ([Figure 5k](#fig5){ref-type="fig"}).^[@bib21]^ These data suggest that Wnt10b from p85α^−/−^ fibroblasts has a crucial role in inducing breast cancer EMT and promoting tumourigenesis.

Exosomes from p85α-deficient fibroblasts regulate stromal--epithelial crosstalk in breast cancer
------------------------------------------------------------------------------------------------

Recently reports demonstrated that exosomes, which are nanosize vesicles secreted by cells, from the tumour microenvironment could promote traits of cancer progression.^[@bib10],\ [@bib41],\ [@bib42]^ Therefore, we investigated the effects of p85α loss in fibroblasts on the function of exosomes. Electron microscopy observations indicated that there are more exosome-like structures located close to the cell membrane in p85α^−/−^ fibroblasts than in WT fibroblasts ([Figure 6a](#fig6){ref-type="fig"}). Moreover, the purified exosomes from WT and p85α^−/−^ fibroblast-conditioned medium showed comparable size and appearance ([Figure 6b](#fig6){ref-type="fig"}). We also found by bicinchoninic acid protein assay that p85α^−/−^ fibroblasts can produce more exosomes than WT fibroblasts ([Figure 6c](#fig6){ref-type="fig"}). The particle size analysis of isolated exosomes showed that particle size distribution primarily ranged from 80 to 300 nm ([Figure 6d](#fig6){ref-type="fig"}). Western blots showed that expression of the exosome markers CD81 and TSG101, but not GM130, in exosome lysates confirmed that there was no cellular contamination in our isolated exosomes ([Figure 6e](#fig6){ref-type="fig"}). To further examine exosome transfer, purified exosomes from various fibroblasts were labelled with the fluorescent lipophilic dye DiD. Fluorescence-activated cell sorting and microscopic analysis of exosomes transfer indicated that the exosomes collected from various fibroblasts transferred into living but not dead (fixed) cancer cells via active transport ([Figures 6f and g](#fig6){ref-type="fig"}). Fluorescence-activated cell sorting also revealed that exosomes from p85α^−/−^ fibroblasts had an increased transfer capacity compared with those from WT fibroblasts.

To determine whether exosomes produced by fibroblasts are sufficient to induce protrusive activity and metastasis of breast cancer cells, we exposed MDA-MB-231 or 4T1 cells to exosomes isolated from WT or p85α^−/−^ fibroblasts, respectively, and evaluated cell motility. As shown in [Figure 6h](#fig6){ref-type="fig"}, exosomes derived from p85α^−/−^ fibroblasts notably promoted MDA-MB-231 and 4T1 migration and invasion compared with exosomes from WT fibroblasts. Accordingly, exosomes from p85α^−/−^ fibroblasts also more potently induced EMT and cytoskeletal remodelling in breast cancer epithelial cells, which is closely related to tumour metastasis ([Figures 6i and j](#fig6){ref-type="fig"}). Tetraspanin CD81, an exosome marker, is critically involved in exosome function, secretion and cellular uptake during intercellular communication.^[@bib43]^ To further explore the importance of exosomes in stromal--epithelial crosstalk and their effects on cancer epithelial cell motility, we generated p85α^−/−^ fibroblasts in which CD81 was constitutively knocked down by short hairpin RNAs (shRNAs), thereby creating fibroblasts with aberrant exosome function. MDA-MB-231 or 4T1 cells were treated with the conditioned medium from negative control or CD81 knockdown fibroblasts, respectively. As shown in [Figures 6k and l](#fig6){ref-type="fig"}, the conditioned medium contained reduced amount of CD81 and significantly decreased the ability of p85α^−/−^ fibroblasts to stimulate cell migration and EMT. Similarly, downregulation of CD81 expression inhibited the tumour-promoting effects of p85α^−/−^ fibroblasts *in vivo* ([Figures 6m and n](#fig6){ref-type="fig"}). Taken together, these results reveal that exosomes from p85α^−/−^ fibroblasts can induce EMT, promote cancer cell motility and increase tumour metastasis.

Exosomes act as a cargo delivery system that transports Wnt10b from stroma to cancer cells
------------------------------------------------------------------------------------------

Considering the fact that some reports have also demonstrated that active Wnt proteins could be secreted in exosomes,^[@bib44]^ we speculated that stromal-derived exosomes might carry Wnt10b into cancer cells to induce Wnt/β-catenin signalling and regulate stromal--epithelial dialogue. Western blots indicated that Wnt10b is more abundant in p85α^−/−^ fibroblast-derived exosomes compared with WT fibroblast exosomes. On the other hand, the expression of Wnt10b in exosomes is far higher than in exosome-depleted conditioned medium when the total loading protein contents were equal ([Figure 7a](#fig7){ref-type="fig"}). Flow cytometric analysis of Wnt10b expression in exosomes captured by aldehyde latex beads confirmed this trend ([Figure 7b](#fig7){ref-type="fig"}). Furthermore, we found that Wnt10b colocalized with the exosome marker CD81 in p85α^−/−^ fibroblasts via immunofluorescence ([Figure 7c](#fig7){ref-type="fig"}). Additionally, ELISA analyses showed that the Wnt10b concentration in p85α^−/−^ fibroblast-conditioned medium was obviously reduced after ultracentrifugation overnight ([Figure 7d](#fig7){ref-type="fig"}). In addition, we found that the abundance of Wnt10b in exosomes was far higher (\~16-fold) than in conditioned medium from p85α^−/−^ fibroblasts ([Figure 7e](#fig7){ref-type="fig"}). Moreover, the ability of the conditioned medium to activate the Wnt pathway was also markedly reduced after ultracentrifugation ([Figure 7f](#fig7){ref-type="fig"}). Knockdown of CD81 in p85α^−/−^ fibroblasts or treatment of p85α^−/−^ fibroblasts with GW4869, an N-SMase inhibitor that blocks exosome generation,^[@bib45]^ reduced Wnt10b secretion in conditioned medium ([Figures 7g and h](#fig7){ref-type="fig"}). Consistently, disturbing exosomes resulted in increased intracellular accumulation of Wnt10b ([Figures 7i and j](#fig7){ref-type="fig"}). Moreover, we found that blocking exosomes via CD81 knockdown in p85α^−/−^ fibroblasts abrogated the activation of Wnt/β-catenin signalling *in vitro* and *in vivo* ([Figures 7k and l](#fig7){ref-type="fig"}). We also knockdown p85α in WT fibroblasts to mimic p85α^−/−^, and the result also confirmed our conclusions ([Figure 7m](#fig7){ref-type="fig"}). These results indicated that exosomes acted as a cargo delivery system that transported Wnt10b from stroma to cancer cells ([Figure 7n](#fig7){ref-type="fig"}).

Discussion
==========

Mutations in or abnormal expression of the p85α regulatory subunit of PI3K are reported in various human cancers,^[@bib46],\ [@bib47],\ [@bib48]^ but the role of these mutations in tumour microenvironment remains unclear. In this study, we have determined that reduced expression of p85α occurs in the stromal compartment in breast cancer and has a critical role in stromal--epithelial crosstalk, as well as in tumour growth and metastasis. With respect to promoting tumourigenesis, p85α^−/−^ fibroblasts exhibit similar functions to CAFs.

Cancer-related deaths are primarily attributed to metastasis. It is established that crosstalk between the neoplastic stroma and the epithelium is essential to metastasis, yet the master regulators of metastasis are largely unknown. Wnt pathway, including canonical (Wnt/β-catenin) and noncanonical (Wnt-PCP) Wnt signaling, has a key role in these progressions. Jeff Wrana\'s group had reported that stromal fibroblasts could regulate breast cancer cell migration via autocrine Wnt-PCP signaling.^[@bib41]^ However, in our research, we found that p85α^−/−^ fibroblasts could promote breast cancer cell motility mainly via paracrine Wnt/β-catenin signaling. Although Wnt-PCP signaling and Wnt/β-catenin signaling are two different kinds of pathways, there is ample evidence that there is a close link between these pathways. Moreover, our findings also demonstrated that Wnt10b secreted from fibroblasts acted as a potent mediator of tumour--stroma communication to promote metastasis.

Interestingly, we also observed that considerable levels of Wnt10b were located in exosomes from p85α-deficient fibroblasts. Moreover, we observed that p85α^−/−^ fibroblasts expressed increased levels of Wntless and Vps35 proteins, indicating that the loss of p85α comprehensively regulates the Wnt signalling axis not only with respect to production but also with respect to transportation. EMT is also involved in both Wnt/β-catenin signalling and cancer cell metastasis. To further verify the function of p85α in CAFs, we developed stable and ectopic expression of p85α in p85α^−/−^ fibroblasts for rescue experiments in WT fibroblasts. As expected, the rescue experiments confirmed our conclusions ([Supplementary Figures S3A--E](#sup1){ref-type="supplementary-material"}). Therefore, we propose the following model to explain our findings: loss of p85α stimulates fibroblasts to express and secrete more Wnt10b. Then, these Wnt10b ligands are transported to adjacent epithelial cancer cells, where they activate Wnt/β-catenin signalling and then induce EMT, eventually leading to breast cancer cell metastasis.

Notably, we found that active Wnt10b is also present in exosomes from p85α-deficient fibroblasts that exhibit characteristics of CAFs. The exosomal Wnt derived from fibroblasts could activate canonical Wnt signalling and promote the mobility of breast cancer cells both *in vitro* and *in vivo*. Exosomes are nano-sized extracellular microvesicles that have an endosomal origin, are secreted by various cells and have important roles in intercellular communication.^[@bib45]^ Exosomes contain many bioactive molecules, such as nucleic acids and proteins that can mediate cell--cell communication associated with development and cancer progression.^[@bib49],\ [@bib50]^ When we disturbed exosome function via knockdown of the exosomal marker CD81 in fibroblasts, Wnt10b secretion was inhibited, leading to accumulation of Wnt10b in fibroblasts. Hence, the CD81 knockdown in CAF-like fibroblasts failed to activate canonical Wnt signalling and could not promote tumourigenesis. Thus, we conclude that exosomes from fibroblasts in the tumour microenvironment transport Wnt proteins to cancer epithelial cells, which may be an indispensable and efficient approach to activate Wnt signalling and cellular functions involved in cancer progression.

Taken together, our data demonstrate that p85α expression is frequently reduced in breast cancer stroma and is functionally associated with the regulation of breast tumourigenesis and malignant progression through its ability to modify the tumour microenvironment. Thus, p85α acts as a tumour suppressor in the tumour microenvironment and may represent a new candidate for diagnosis, prognosis and targeted therapy.

Materials and methods
=====================

Chemicals and antibodies
------------------------

LY294001 was purchased from Cell Signalling Technology (Beverly, MA, USA), GW4869 was purchased from Santa Cruz (Santa Cruz, CA, USA). The antibodies used in this research were listed in [Supplementary Table S4](#sup1){ref-type="supplementary-material"}.

Cell culture
------------

The immortalized WT mouse embryonic fibroblasts (MEFs) and the p85α^−**/**−^ MEFs were a gift from Professor Lewis C Cantley.^[@bib51]^ The human breast cancer cell line MDA-MB-231, the mouse breast cancer cell line 4T1, the immortalized WT MEFs and the p85α^−**/**−^ MEFs were cultured in Dulbecco's modified Eagle's medium (HyClone, Logan, UT, USA) supplemented with 100 U/ml penicillin, 100 μg/ml streptomycin and 10% fetal bovine serum (HyClone) at 37 °C and 5% CO~2~. Cell lines were acquired from the China Center For Type Culture Collection, where it was tested and authenticated, and were cultured continuously for no more than 2 months.

Conditioned medium preparation
------------------------------

Various MEFs were incubated with complete medium for 3 days. The conditioned medium was collected, centrifuged at 300 *g* for 10 min, 2000 *g* for 10 min and 10 000 *g* for 30 min, and then filtered with a 0.22-μm filter.

Cell migration and invasion assays
----------------------------------

The cell migration and invasion assay was performed as described by Hu *et al.*^[@bib52]^

Subcutaneous tumourigenicity assays
-----------------------------------

A total of 1 × 10^6^ 4T1 or MDA-MB-231 cells mixed with 3 × 10^6^ MEFs of various types in Matrigel (BD Biosciences, San Jose, CA, USA) and coinjected subcutaneously into 4--6-week-old female BALB/c mice or nude mice. Each group had six mice in the animal experiments. Tumourigenicity assays were performed as described previously.^[@bib32]^ The animal care and experimental protocols were approved by the Experimental Animal Center of Wuhan University.

Exosome isolation
-----------------

Exosomes were purified from cells cultured in exosome-depleted fetal bovine serum (ultracentrifuged at 120 000 *g* overnight) as described previously.^[@bib53]^ For western blot analysis, the exosome pellet was resuspended in 1% sodium dodecyl sulphate lysis buffer, and analysed with loadings of exosomes that amounted to equal content of proteins, respectively. For examination by electron microscopy, the exosome pellet was resuspended in phosphate-buffered saline, and analyzed again with loadings of exosomes that amounted to equal content of proteins, respectively. For cell treatment, the exosome pellets were resuspended in Dulbecco's modified Eagle's medium, respectively, and the exosomes isolated from equal volume of conditioned mediums were used. For quantification by the BCA assay, exosome size distribution measurement by Zetasizerand flow cytometry, the exosome pellets were resuspended in phosphate-buffered saline and exosomes isolated from equal volume of conditioned mediums were analyzed.

Analysis of human stroma gene expression data
---------------------------------------------

The data regarding human breast cancer stroma (GSE9014) and human fibroblast cocultured with breast cancer cells (GSE41678) were downloaded from the NCBI GEO datasets database.

Tissue microarray and immunohistochemistry
------------------------------------------

The human breast tissue microarray chip was purchased from US Biomax Inc. (Rockville, MD, USA). Immunohistochemistry was performed as described by Hu *et al.*^[@bib52]^

Immunohistochemical score
-------------------------

For the immunohistochemical semiquantitative assessment of p85α expression, the product of the staining intensity scores and the quantity of immunoreactive cells were calculated based on the following scoring system: the optical stain intensity was graded as 0=negative, 1=weak, 2=moderate or 3=strong staining; the quantity of cells was graded as 0=no expression, 1=⩽10% positive cells, 2=10--50% positive cells, 3=51--80% positive cells and 4=⩾80% positive cells. The number of positive cells was assessed by counting three random fields at × 100 magnification. The final immunohistochemical score was obtained by multiplying the intensity score and the quantity score. According to the total Immunohistochemical score, p85α expression levels in tissues were categorized as low expression when the score was \<1, as intermediate expression when the score was 1--3 and as high expression when the score was \>3. The staining intensity was scored by two investigators in a blinded procedure.

Cell extracts and western blot analysis
---------------------------------------

The cell extracts were performed as described previously.^[@bib54]^ The supernatants were centrifuged to remove the cells and debris and concentrated with Amicon Ultra columns (Millipore, Billerica, MA, USA). Proteins were extracted from the nucleus and cytoplasm using Nuclear and Cytoplasmic Protein Extraction Kits (Beyotime, Jiangsu, China), respectively, according to the manufacturer's instructions. Western blotting was performed as described previously.^[@bib54]^

Immunofluorescence
------------------

The assay was performed as described by Hu *et al.*^[@bib52]^ Images were acquired using a confocal microscope (Leica, Wetzlar, Germany).

Measurement of collagen gel contraction
---------------------------------------

The assay was performed as described previously.^[@bib55]^

Fluorescence-activated cell sorting analysis
--------------------------------------------

Fibroblasts of different genotypes were stained with antibodies against CD44 (BD Pharmingen, San Diego, CA, USA) and assayed with flow cytometry (Beckman Coulter, Miami, FL, USA).

Flow cytometry analysis of purified exosomes was performed as described previously.^[@bib56]^

RNA extraction, PCR and real-time quantitative PCR
--------------------------------------------------

The primers are listed in [Supplementary Table S2](#sup1){ref-type="supplementary-material"}. All quantitations were normalized to endogenous glyceraldehyde 3-phosphate dehydrogenase as a loading control. Relative changes in gene expression were quantified using the 2−ΔΔCT method.^[@bib57]^

Immunoassay for conditioned medium
----------------------------------

Approximately 1.5 × 10^6^ fibroblasts were cultured in Dulbecco's modified Eagle's medium with 10% fetal bovine serum on a 10-cm plate for 2--3 days. The supernatants were measured using a commercially available SDF-1 ELISA Kit (R&D Systems, Minneapolis, MN, USA), a TGF-β1 ELISA Kit (Boster Bio-Tech, Wuhan, China), an MMP2 ELISA Kit (Boster Bio-Tech), an MMP9 ELISA Kit (Boster Bio-Tech) and a Wnt10b ELISA Kit (Cusabio Biotech, Wuhan, China).

Cell proliferation assay
------------------------

The assay was performed as described by Hu *et al.*^[@bib52]^

Colony formation assays
-----------------------

The assay was performed as described by Hu *et al.*^[@bib52]^

Matrigel three-dimensional cultures
-----------------------------------

Cells were suspended in conditioned media containing 2% growth factor reduced Matrigel (BD Biosciences) and plated on 100% Matrigel as described previously.^[@bib58]^

Scratch assay
-------------

The assay was performed as described by Hu *et al.*^[@bib52]^

shRNA/siRNA preparation and cell transfection
---------------------------------------------

shRNA sequences against Wnt10b and p85α were designed and synthesized by GenePharma Co. Ltd (Shanghai, China). The fragments were digested with *Bbs*I and *Bam*HI and were inserted into the pGPU/GFP/Neo vector (GenePharma Co. Ltd). shRNA sequences against CD81 were designed according to information given by Sigma-Aldrich (St Louis, MO, USA), which has been validated. The fragments were inserted into the retroviral vector pSuper. The full-length cDNA encoding p85α was cloned into the lentiviral vector pHAGE-CMV-MCS-PGK puro+3tag. An empty pHAGE-CMV-MCS-PGK puro+3tag plasmid was used similarly to establish control clones. Transient transfection was performed using Lipofectamine 2000 (Invitrogen) according to the manufacturer's instructions. Small interfering RNA (siRNA) against Porcn was designed and synthesized by RiboBio Co. Ltd (Guangzhou, China). Transient transfection of siRNA was also performed using Lipofectamine 2000. The siRNA and shRNA sequences are listed in [Supplementary Table S3](#sup1){ref-type="supplementary-material"}.

Electron microscopy
-------------------

WT or p85α MEFs were fixed in 2.5% glutaraldehyde. The next day, the cells were washed in phosphate-buffered saline and fixed with 1% osmium tetroxide, followed by washing in phosphate-buffered saline and dehydration through an alcohol gradient. After that, the cells were embedded in epoxide resin, sliced by an LKB-V ultramicrotome (LKB Bromma, Sollentuna, Sweden) and observed with a transmission electron microscope (Hitachi Ltd, Tokyo, Japan).

Purified exosomes were left to settle on carbon-coated grids. After the grids were stained with 3% uranyl acetate, they were air-dried and visualized using a transmission electron microscope.

Statistical analysis
--------------------

Statistical significance was calculated using Prism (GraphPad Software, La Jolla, CA, USA). Data are reported as the mean±s.e.m. The results between the two independent groups were determined by Student\'s *t*-test, unless otherwise stated. In the case of different variances, a two-tailed unpaired *t*-test with Welch\'s correction was also performed. When data did not pass the normality test, a Mann--Whitney test was also used for the statistical analysis as indicated. Values of *P*\<0.05 were considered statistically significant. All experiments were repeated at least three times.
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![Aberrant low expression of p85α in the stroma is associated with breast tumourigenesis. (**a**) Gene expression levels of p85α (PIK3R1) in normal and breast cancer stroma from GSE9014. Data are the mean±s.e.m. \*\*\**P*-value⩽0.001. (**b**) Left panel: P85α expression levels in breast cancer stroma samples. Right panel: The proportion of different extent of p85α expression in various stage breast cancer stroma. Data are the mean±s.e.m. \**P*-value⩽0.05. (**c**) Representative immunohistochemical images from various breast cancer stages. Scale bar, 100 μm. Dotted lines circled structures, cancer epithelium, the arrows, significant expression of p85α in cancer stroma. (**d**) Tumour volume and weight measurements of 4T1 cells grown subcutaneously alone, with WT or p85α^−/−^ fibroblasts. Each group have six mice (*n*=6). Data are the mean±s.e.m. \**P-*value⩽0.05. (**e**) Tumour volume and weight measurements of MDA-MB-231 cells similar to (**d**). Each group have six mice (*n*=6). Data are the mean±s.e.m. \**P-*value⩽0.05. (**f**) Quantification of liver metastases in mice described in (**d** and **e**) using H&E staining. Scale bar, 100 μm. Data are the mean±s.e.m. \*\**P-*value⩽0.01. (**g**) P85α expression in fibroblasts cocultured with breast cancer cells from GSE41678. Data are the mean±s.e.m. Mono, monoculture of cancer cells; Co-231, fibroblasts cocultured with MDA-MB-231. \*\**P-*value⩽0.01, \*\*\**P-*value⩽0.001.](onc2017100f1){#fig1}

![P85α deletion converts fibroblasts into activated myofibroblasts exhibiting features of CAFs. (**a**) Western blot analysis of p85α, phospho-Akt, Akt and α-smooth muscle actin (α-SMA) expression in WT and p85α^−/−^ fibroblasts. p-Akt, Phospho-Akt (Ser473); T-Akt, Akt (pan). (**b**) Immunofluorescence analysis of α-SMA expression in WT and p85α^−/−^ fibroblasts. Scale bar, 50μm. (**c**) The area of the contracted gels induced by WT or p85α^−/−^ fibroblasts. The appearance of the contracted gels that have four replications at 72 h is also shown. (**d**) The morphology of WT or p85α^−/−^ fibroblasts in a dish or collagen lattice described in (**c**). (**e**) Immunofluorescence, western blot and fluorescence-activated cell sorting (FACS) analysis of CD44 expression in WT and p85α^−/−^ fibroblasts. Scale bar, 20 μm. (**f**) Reverse transcription--PCR analysis of TGF-β family proteins and SDF-1. MMP2 and MMP9 expression in WT and p85α^−/−^ fibroblasts. (**g**) Quantitative PCR analysis of TGF-β1, SDF-1, MMP2 and MMP9 expression in WT and p85α^−/−^ fibroblasts. Data are the mean±s.e.m. (**h**) Enzyme-linked immunosorbent assay (ELISA) analysis of TGF-β1, SDF-1, MMP2 and MMP9 expression in conditioned medium of WT and p85α^−/−^ fibroblasts. Data are the mean±s.e.m. \*\**P-*value⩽0.01. (**i**) ELISA analysis of TGF-β1, SDF-1, MMP2 and MMP9 expression in p85α^−/−^ fibroblast-conditioned medium of when treated with or without the PI3K inhibitor LY294002 (50 μ[M]{.smallcaps}) for 24 h and the DMSO solution as a control. Con, p85α^−/−^ fibroblasts treated with DMSO, LY, p85α^−/−^ fibroblasts treated with LY294002. Data are the mean±s.e.m. \*\**P-*value⩽0.01.](onc2017100f2){#fig2}

![Fibroblast p85α deficiency promotes the proliferation and metastasis of cancerous mammary epithelial cells. (**a**) Schematic of the experimental design. (**b**) Cell proliferation of MCF-7, MDA-MB-231 and 4T1 cells in WT or p85α^−/−^ fibroblast-conditioned medium. Data are the mean±s.e.m. \**P-*value⩽0.05. (**c**) Plate colony formation assay of MCF-7, MDA-MB-231 and 4T1 cells in WT or p85α^−/−^ fibroblast-conditioned medium. Data are the mean±s.e.m. \*\**P-*value⩽0.01. (**d**) Cell proliferation of MDA-MB-231 and 4T1 cells in coculture with WT or p85α^−/−^ fibroblasts separately by transwell chambers (0.4-μm pore). Data are the mean±s.e.m. \*\**P-*value⩽0.01. (**e**) The morphology of MDA-MB-231 and 4T1 cells in WT or p85α^−/−^ fibroblast-conditioned medium. Scale bar, 100 μm. (**f**) The morphology of MDA-MB-231 and 4T1 cells cultured in Matrigel treated with WT or p85α^−/−^ fibroblast-conditioned medium. Scale bar, 100 μm. (**g**) The relative width of the scratch assay in MDA-MB-231 and 4T1 cells in different conditioned medium from WT or p85α^−/−^ fibroblasts. Scale bar, 1 cm. Data are the mean±s.e.m. \**P-*value⩽0.05. (**h**) The migration and invasion assay of MDA-MB-231 and 4T1 cells cultured in transwell with fibroblasts. Scale bar, 50 μm. Data are the mean±s.e.m. \**P-*value⩽0.05.](onc2017100f3){#fig3}

![P85α^−/−^ fibroblasts promote the induction of EMT in breast cancer epithelial cells via a paracrine Wnt/β-catenin pathway. (**a**) Western blot analysis of EMT markers in MCF-7, MDA-MB-231 and 4T1 cells cultured in WT or p85α^−/−^ fibroblast-conditioned medium. (**b**) Immunofluorescence analysis of the expression of EMT markers in MDA-MB-231 and 4T1 cells cultured in WT or p85α^−/−^ fibroblast-conditioned medium. Scale bar, 50 μm. (**c**) Western blot analysis of Wnt/β-catenin activation by the expression and localization of phospho-β-catenin and β-catenin in MDA-MB-231 and 4T1 cells cultured in WT or p85α^−/−^ fibroblast-conditioned medium. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as a loading control for cytoplasmic proteins, and laminin B was used as a loading control for nuclear proteins. (**d**) Immunofluorescence analysis of the location of β-catenin in MDA-MB-231 and 4T1 cells cultured in WT or p85α^−/−^ fibroblast-conditioned medium. Scale bar, 20 μm. (**e**) β-Catenin immunostaining in tumour tissue described in [Figures 1d and e](#fig1){ref-type="fig"}. Scale bar, 50 μm. (**f**) Western blot analysis of Wnt pathway and EMT markers in paracrine and autocrine signalling conditions. The effects of siPorcn are shown on the upper panel. (**g**) The migration and invasion assay of MDA-MB-231 and 4T1 cells cultured in negative control or Porcn knockdown p85α^−/−^ fibroblast-conditioned medium. Data are the mean±s.e.m. \**P-*value⩽0.05. Scale bar, 100 μm.](onc2017100f4){#fig4}

![Wnt10b as a paracrine factor has a crucial role in inducing breast cancer epithelial cell EMT and facilitates metastasis. (**a**) Quantitative PCR analysis of Wnt family expression in p85α^−/−^ fibroblasts normalized to WT fibroblasts. (**b**) ELISA analysis of Wnt10b expression in WT and p85α^−/−^ fibroblast-conditioned medium. Data are the mean±s.e.m. \*\*\**P-*value⩽0.001. (**c**) Western blot analysis of Wnt10b expression in WT and p85α^−/−^ fibroblast-conditioned medium, and Wnt10b, Wntless, VPS35 in cell lysates. (**d**) Immunofluorescence analysis of Wnt10b and Wntless expression and localization in WT and p85α^−/−^ fibroblasts. Scale bar, 20 μm. (**e**) Western blot analysis of Wnt pathway and EMT markers in MDA-MB-231 cells and 4T1 cells cultured in Wnt10b knockdown and negative control p85α^−/−^ fibroblast-conditioned medium. The effect of shWnt10b are shown on the upper panel. (**f**) The migration assay of MDA-MB-231 and 4T1 cells cultured in negative control or Wnt10b knockdown p85α^−/−^ fibroblast-conditioned medium. Data are the mean±s.e.m. \**P-*value⩽0.05. Scale bar, 100 μm. (**g**) Tumour volume and weight measurements of 4T1 cell grown subcutaneously with negative control vector or with Wnt10b knockdown p85α^−/−^ fibroblasts. Each group have six mice (*n*=6). Data are the mean±s.e.m. \**P-*value⩽0.05. (**h**) Quantification of liver metastasis in mice described in (**g**). Scale bar, 50 μm. Data are the mean±s.e.m. \**P-*value⩽0.05. (**i**) Representative images of β-catenin immunostaining of tumours in mice described in (**g** and **h**). Scale bar, 50 μm. (**j**) Gene expression level of Wnt10b in human breast cancer stroma versus normal breast stroma from GSE9014. Data are the mean±s.e.m. \*\*\**P-*value⩽0.001. (**k**) Correlation analysis between Wnt10b and p85α (PIK3R1) in breast stroma from GSE9014. The line with linear regression is also shown as a red line. The *P-*values and *R*^2^ are also shown.](onc2017100f5){#fig5}

![Exosomes from p85α-deficient fibroblasts regulate stromal--epithelial crosstalk in breast cancer. (**a**) Representative electron microscopy image of WT and p85α^−/−^ fibroblasts. Scale bar, 2000 nm. (**b**) Representative electron microscopy image of exosomes purified from WT and p85α^−/−^ fibroblast-conditioned medium, each group have three replications. Scale bar, 100 nm. (**c**) Quantification of the exosome protein yield from WT and p85α^−/−^ fibroblasts by BCA protein quantitation. Data are the mean±s.e.m. \*\*\**P-*value⩽0.001. (**d**) Exosome size distribution of WT and p85α^−/−^ fibroblasts measured by a Zetasizer analyser. (**e**) Western blot analysis of exosomes from WT and p85α^−/−^ fibroblasts. TSG101 and CD81 are markers of exosomes. GM130 is a check for cellular contamination. (**f**) Flow cytometry of DiD dye transfer from WT or p85α^−/−^ fibroblasts to breast cancer cells (4T1). (**g**) Image of DiD dye transfer from various fibroblasts to breast cancer cells (4T1) as described in (**f**). Scale bar, 50 μm. (**h**) The migration and invasion assay of MDA-MB-231 and 4T1 cells treated with exosomes purified from WT or p85α^−/−^ fibroblast-conditioned medium. Data are the mean±s.e.m. \**P-*value⩽0.05. \*\**P-*value⩽0.01. \*\*\**P-*value⩽0.001. Scale bar, 100 μm. (**i**) Western blot analysis of Wnt pathway and EMT markers in MDA-MB-231 cells and 4T1 cells treated with exosomes purified from WT or p85α^−/−^ fibroblasts. (**j**) Representative immunofluorescence images of cytoskeleton and vimentin in cancer cells treated with exosomes from WT or p85α^−/−^ fibroblasts. Scale bar, 25 μm. (**k**) Migration assay of MDA-MB-231 and 4T1 cells cultured in shNC or shCD81 p85α^−/−^ fibroblast-conditioned medium. Data are the mean±s.e.m. \**P-*value⩽0.05. \*\**P-*value⩽0.01. Scale bar, 100 μm. (**l**) Western blot analysis of EMT markers in MDA-MB-231 cells and 4T1 cells cultured in shNC or shCD81 p85α^−/−^ fibroblast-conditioned medium. (**m**) Tumour volume and weight measurements of 4T1 cell grown subcutaneously with shNC or shCD81 p85α^−/−^ fibroblasts. Each group have six mice (*n*=6). Data are the mean±s.e.m. \*\**P-*value⩽0.01. (**n**) Quantification of liver metastasis in mice described in (**m**). Data are the mean±s.e.m. \**P-*value⩽0.05. Scale bar, 50 μm.](onc2017100f6){#fig6}

![Exosomes act as a cargo delivery system that transports Wnt10b from stroma to cancer cells. (**a**) Western blot analysis of Wnt10b in exosomes purified from various fibroblasts. (**b**) Flow cytometry of CD81 and Wnt10b expression in exosomes purified from various fibroblasts. (**c**) Immunofluorescence analysis of Wnt10b and CD81 co-location in p85α^−/−^ fibroblasts. Scale bar, 25μm. (**d**) ELISA analysis of Wnt10b in conditioned medium from p85α^−/−^ fibroblasts before (conditioned medium (CM)) and after (120 000 *g*) ultracentrifugation overnight. Data are the mean±s.e.m. \**P-*value⩽0.05. (**e**) The protein abundance of Wnt10b in conditioned medium and exosomes from p85α^−/−^ fibroblasts. Data are the mean±s.e.m. \*\*\**P-*value⩽0.001. (**f**) Western blot analysis of Wnt activity in 4T1 cells cultured in original CM or after (120 000 *g*) ultracentrifugation overnight. (**g**) ELISA analysis of Wnt10b in CM from shNC or shCD81 p85α^−/−^ fibroblasts. Data are the mean±s.e.m. \**P-*value⩽0.05. (**h**) Western blot analysis of Wnt10b in cell lysates and concentrated conditioned medium from shNC or shCD81 p85α^−/−^ fibroblasts and p85α^−/−^ fibroblasts treated with DMSO or GW4869 (10 μ[M]{.smallcaps}) for 2 days. (**i**) Flow cytometric analysis of Wnt10b intracellular accumulation in shNC or shCD81 p85α^−/−^ fibroblasts and p85α^−/−^ fibroblasts treated with DMSO or GW4869 as described in (**I**). (**j**) Immunofluorescence analysis of intracellular Wnt10b accumulation in shNC or shCD81 p85α^−/−^ fibroblasts. Scale bar, 10 μm. (**k**) Western blot analysis of Wnt pathway activation in MDA-MB-231 cells and 4T1 cells cultured in shNC or shCD81 p85α^−/−^ fibroblast-conditioned medium. (**l**) Representative images of β-catenin immunostaining in tumours from mice described in [Figure 6m](#fig6){ref-type="fig"}. Scale bar, 50 μm. (**m**) Western blot analysis of PI3K activity and Wnt10b in negative control vector (NC) and in p85α knockdown (shp85α) WT fibroblasts and exosomes. (**n**) Schematic representation of tumour-promoting effects provoked by fibroblasts instigated by loss expression of p85α.](onc2017100f7){#fig7}
